INTRODUCTION
The actin cytoskeleton is essential for many cellular functions, including cell migration, endocytosis, and organelle division. A major role of actin in these processes is to provide force, which it does in two ways: (1) by actin polymerization itself, providing a ''pushing'' force; and (2) as a substrate for myosin II, providing a ''pulling'' or contractile force. Mesenchymal cell migration is an excellent example of both forces in action, with the assembly of protrusive actin-based structures (lamellipodia and filopodia) providing the leading-edge pushing force, and myosin II-containing structures such as stress fibers (SFs) providing the contractile force [1] .
Non-muscle cells contain three main classes of SFs, distinct in both structure and function ( Figures 1A and 1B) . These SF subtypes were originally defined in fibroblasts, based on cellular location [2] : ventral stress fibers (VSFs), dorsal stress fibers (DSFs), and transverse arcs (TAs). VSFs are the major contractile units within cells [3, 4] , containing non-muscle myosin II (NMII) and terminating at focal adhesions (FAs) at both ends. Additionally, VSFs are mechanosensitive, allowing the cell to respond to changes in extracellular stiffness [4, 5] . Live-cell studies on stably adhered U2OS cells have shown that VSFs can assemble through fusion of pre-existing DSFs and TAs [4, 6] . DSFs localize toward the leading edge. The distal end of the DSF terminates at an FA, while the other end extends dorsally toward the cell interior, where it associates with TAs [7] . Unlike VSFs, DSFs contain little or no NMII [8, 9] . One function of DSFs is to transmit contractile force generated in the TA, resulting in lamella flattening [3, 10] . Further, a subset of DSFs is involved in FA maturation [11] . DSF assembly occurs through actin polymerization from the attached FA [4, 6] . TAs are not directly attached to FAs but run parallel to the leading edge and localize just beneath the dorsal surface, starting at the lamellipodium-lamellum interface and extending proximally into the cell body [2, 6, 12] . TAs contain NMII, and contractile force is transmitted via DSF attachments [3] . Current studies suggest that TAs assemble through endto-end annealing of short actin bundles in the lamellipodium, which condense in the direction of the cell body by retrograde flow [4, 8, 9] .
SFs transmit their force to the substratum through their connection with FAs. FAs are three-dimensional, multi-protein complexes located on the ventral cell surface ( Figure 1C ). They are linked to the extracellular matrix (ECM) through integrins. Architectural knowledge of mature FAs has been greatly enhanced with the advent of super-resolution microscopy. In the vertical axis, FAs are composed of three distinct layers (''nano-domains'') including: the integrin signaling layer (ventral), the force transduction layer (middle), and the actin regulatory layer (apical) ( Figure 1C ; [13] ). These results and others [14] [15] [16] demonstrate that FAs are highly organized structures that contain spatially distinct functional regions. Comparatively less is known about the lateral organization of the mature FA. A recent study revealed that FAs comprise fundamental repeating units of 300-nm width [17] , which we refer to as focal adhesion units (FAUs). FAUs are arranged in parallel arrays within a larger focal adhesion plaque (FAP), with each unit attaching to a distinct actin filament bundle. These data suggest that FA width is defined by the number of fixed-width FAUs [17] . In contrast, FA length is variable and highly dynamic. Nascent FAs begin as dot-like structures that mature into elongated assemblies [18] . FA elongation requires NMII [18, 19] , occurs toward the cell body [18, 20] , and is accompanied by the assembly of an actin fiber, attaching to the proximal region of the FA [6, 21] . FA maturation involves a modification in molecular composition, with zyxin and vasodilator-stimulated phosphoprotein (VASP) enriching in mature FAs ( Figure 1C ; [22] ).
Although there is a basic understanding of FA and SF assembly, few studies have examined how the two networks assemble de novo in high spatial and temporal resolution. We use high-resolution live-cell microscopy to examine FA and SF assembly in spreading cells. We find FAs initially assemble as FAPs containing multiple distinct FAUs of a constant 0.3-mm width. FAPs then undergo longitudinal ''splitting'' events, resulting in either complete FAU disassembly or in FAU stabilization and elongation. Efficient splitting requires adenomatous polyposis coli (APC), VASP, and is correlated with increasing tension at the FA. 
SF Sub-types in U2OS Cells
(A) Schematic of a U2OS cell as seen from above (top) and from the side (bottom) to illustrate: FA, focal adhesion; VSF, ventral stress fiber; TA, transverse arc; DSF, dorsal stress fiber. Also shown is the location of the lamellipodium. Dotted box in top image denotes section in side view. (B) Fixed U2OS cell stained co-stained for actin filaments (TRITC-phalloidin, red), FAs (paxillin, white), and NMIIB (green). Cells were plated on collagen-coated coverslips and allowed to adhere for 18 hr before fixation. Maximum intensity projection (MIP, 13 3 0.18-mm Z-slices). White boxed region denotes origin of images on right. (C) Schematic side view of an FA to demonstrate details about vertical protein distribution. PM, plasma membrane; ECM, extracellular matrix. Diagram is not to scale. 
(legend continued on next page)
VSFs appear first in spreading cells, and TAs and DSFs becoming detectable later. The expansion of the VSF network is coordinated with that of FAs, with both showing similar splitting events. This work establishes that the FAU is the fundamental building block of FAs, and that dynamic interactions between FAUs control FA morphology.
RESULTS

FAs Undergo Longitudinal Splitting Events on Collagen
To examine the dynamics of FA and SF assembly, we imaged U2OS cells spreading on collagen-coated coverslips using Airyscan microscopy. U2OS cells spread rapidly on collagen, approaching a maximal spread area within 1 hr (Figures S1A-S1C; Video S1). Spreading rate progressively decreases over this time period, reaching a relatively constant rate of $3 mm 2 /min ( Figure S1D ). While the spreading pattern is not completely uniform in the first hour, it approximates an oblate circle, before becoming less uniform in the second hour ( Figure S1A ; Video S1). Collagen induces more consistent and rapid spreading compared to fibronectin (FN), where cells often do not initiate spreading until 15-30 min after plating.
We first focused on the dynamics of actin (mApple-F-tractin) and FA (GFP-paxillin) during cell spreading. Images were acquired every 30 s, sampling a single ventral slice. At early time points (%8 min), numerous small and irregularly shaped adhesions arise ( Figure S1E ), as previously reported for FN-plated fibroblasts [23] . After 8 min, adhesions become discernable and grow in size, extending distally at the spreading edge ( Figure 2A ). In addition, new adhesions frequently assemble distal to an existing adhesion ( Figure 2A , marked #2; Video S2). This process results in a pattern of ''FA tracks'' over the time course of early spreading ( Figure 2B ).
Closer inspection of FAs during early spreading reveals substructure that becomes more clearly defined as the FA matures, in the form of FAUs of 0.29 ± 0.05 mm-width (Figures 2A and 2C ; Table S1 ) similar to those observed previously [17] . FAPs containing well-defined FAUs appear at 29:50 ± 06:30 min:s postseeding, with an average of 3.18 ± 0.43 FAUs per FAP (Table S1 ). The spacing between FAUs is variable and dynamic. As spreading progresses, most FAPs undergo longitudinal ''splitting'' events (57% , Figures 2A and 2D ; Video S2). Of the splitting FAPs, 31% completely disassemble within 1 min after splitting, while 69% result in elongated, stable adhesions (1.84 ± 0.29 FAUs per FAP, Table S1 ). The average splitting time of an FAP is 19:52 ± 09:48 min:s (Table S1 ). Stable FAUs elongate proximally at a rate of 0.073 ± 0.040 mm/min after splitting (Figures 2A and 2E ; Video S2, magenta asterisk). In addition, the entire FAU displaces proximally at 0.070 ± 0.040 mm/min (Figures 2A and 2E ).
VSFs Assemble and Split Early in Cell Spreading
During splitting, FAUs remain attached to actin fibers of similar width (Figure 2A , cyan asterisk at 67.5 min). We define these early actin fibers as VSFs based on their ventral location, association with FAs at both ends ( Figure 3A) , and the presence of NMII, as shown using a GFP-NMIIA knockin cell line in live cells ( Figures 3B and 3C) , and anti-NMIIB staining in fixed cells ( Figure 3D ). The mean time for the first unambiguous VSF appearance is 10:42 ± 1:52 min:s (N = 8 cells). As described for FAPs, VSF are highly dynamic early in the spreading process, undergoing splitting and elongation in conjunction with the FA. Splitting occurs longitudinally along the VSF ( Figure 3A ; Video S3), resulting in an increase in VSF number over time.
While splitting events are frequent during spreading, the process also occurs at a slower rate after the initial spreading period (plated >18 hr, Figure 4A ; Video S4), with an average splitting time of 58:13 ± 31:43 min:s (N = 13 FAPs). FAU widths after splitting are consistently in the 0.3-mm range whether measured in live-cells or fixed cells, or at varying times after spreading ( Figures 4B and 4C ). Fixed-cell analysis at 18 hr post-seeding reveals that a high percentage of FAP (81.3% ± 15.2%) are splayed ( Figures 4D and 4E) , suggestive of ongoing FA splitting events. At all time points, VSF contain NMIIA and NMIIB in their actin shafts, yet only a small percentage of VSF-associated FAs exhibit discernable NMIIA or NMIIB staining (11.1% ± 18.1%, measured at 18 hr, Figures  4F and 4G ).
Together these findings suggest that the VSF assembly is an early event for U2OS cells spreading on collagen and is followed by growth and splitting events. This process results in VSFs attached to elongated FAUs of 0.3 mm-width.
Cell Type and Matrix-Dependent Effects on FA Splitting
We next examined whether similar FA splitting events occurred in U2OS cells plated on FN, for which the spreading rate is slower than on collagen. Although FAPs become discernable on a similar time frame to collagen (34:54 ± 07:30 min:s), only 15.5% of these FAPs split completely during the imaging period, with a high percentage remaining as multiple FAU-containing structures ( Figure 5A , magenta asterisk 28:30 min; Video S5). However, FAU width is similar to that on collagen, 0.28 ± 0.04 mm ( Figure 5C ; Table S1), both within FAPs and for single FAUs after splitting. FAP splitting also occurs after the initial spreading period (>18 hr post-seeding), as shown in live cells ( Figure S2A ; Video S5) or inferred by the high percentage of splayed VSF in fixed cells (83.1% ± 17.2%, Figures S2B and S2C ). FAU width in fixed cells is also in the 0.3-mm range ( Figure S2D ).
We also examined FA dynamics in FN-plated mouse embryonic fibroblasts (MEFs). The majority of FAPs undergo Table S1 .
splitting, and most of these FAPs (86.0%) completely disassemble after splitting ( Figure 5G ; Video S6; Table S1 ). Consistent with U2OS cells, FAUs are 0.29 ± 0.03 mm in width ( Figure 5F ; Table S1 ). FAP splitting also occurs in MEFs that have been plated for extended times ( Figure S2E ; Video S6).
Together, these data suggest that there is variation in the splitting process, but that FAU of a constant width (0.3 mm) are common between cells and plating conditions.
Protein Recruitment to FAs during Spreading
We examined the localization of two other FA proteins, vinculin and VASP, during splitting, since these proteins occupy different layers of the FA ( Figure 1C ; [13] ). Paxillin co-enriches with vinculin in FAs at all time points examined during U2OS cell spreading ( Figure S3A , cyan asterisk). In contrast, mCherry-VASP is more broadly localized at early stages of spreading, with some enrichment in the vicinity of FAs, as well as membrane ruffles and diffuse in the cytoplasm ( Figure S3B ). At later times, VASP shows clearer enrichment at FAs ( Figure S3B ). Similar localization occurs in fixed-cell images of endogenous VASP ( Figure S3C ).
Roles for APC, VASP, and FMNL3 in FA Dynamics
We next examined several FA-and SF-associated proteins for roles in FA splitting. First, we hypothesized that the (legend continued on next page) adenomatosis polyposis coli (APC) protein may play such a role, since it has recently been shown to act in FA turnover [24] . To test this possibility, we partially depleted APC by small interfering RNA (siRNA) (66% reduction, Figure S4A ) and examined early U2OS cell spreading on collagen. APC partial depletion does not delay initial FAP assembly time (32:30 ± 10:30 min:s), but significantly reduces the number of FAP splitting events (Figures  6A and 6B; Table S1 ; Video S7). For those FAPs that do split, splitting time is similar to control cells (17:59 ± 10:45 min:s, Table S1 ). FAU width does not alter significantly upon APC depletion (0.28 ± 0.07 mm, Figure 6C ; Table S1 ).
We also examined the role of VASP in FA splitting, due to its known roles in actin dynamics and recruitment of additional FA proteins [25, 26] . VASP partial depletion (95% reduction, Figure S4B) does not delay the time of initial FAP appearance (29:55 ± 03:39 min:s; Table S1 ). However, VASP depletion does reduce the number of FAP splitting events compared to control cells (Figures 6D and 6E; Table S1 ; Video S7). When FAP splitting does occur, the process is slightly more prolonged than control (23:00 ± 10:30 min:s; Table S1 ). In addition, FAUs are marginally increased in width (0.37 ± 0.08 mm, Figure 6F ; Table S1 ).
Finally, we examined a role for FMNL3 in FA dynamics, due to its recently identified function in NMIIA-stack formation [27] . FMNL3 partial depletion (83% reduction, Figure S4B) (Table S1 ). However, FAUs increase in width in FMNL3 knockdown (KD) cells (0.41 ± 0.11 mm, Figure 6I ; Table S1 ; Video S7) and show a significant reduction in elongation rate after splitting (control 0.088 ± 0.007 compared with FMNL3 KD 0.028 ± 0.004 mm/min, Figure S4C ). There is no significant difference in FAU displacement after splitting ( Figure S4D ). Together these data suggest that two FA-associated proteins, VASP and APC, are involved in splitting, and the formin FMNL3 is involved in FAU elongation.
FA Splitting Is Accompanied by an Increase in FA Tension
Mechanical force is well known to play a role in regulating FA morphology [28] . Thus, we examined the relationship between force and FAP splitting using the FRET-based tension sensor, vinculin-TS [29] . Transfected U2OS cells were allowed to spread for 6-10 hr on collagen before live-cell imaging, to ensure splitting events of longer duration. For the majority of FAPs undergoing splitting, there is a steady decrease in FRET during all stages of splitting ( Figures S5A and S5B) , indicative of increasing tension. The overall probe fluorescence does not change consistently over the same viewing time period ( Figure S5C ), suggesting no systematic change in probe concentration or photo-bleaching during the imaging time course. Importantly, randomly selected FAs not undergoing splitting do not experience a measureable change in tension over the same time period ( Figure S5D ). These data suggest that FAPs undergoing splitting are under increasing tension throughout the process.
Having identified that FAPs are under increasing tension during the splitting process, we next assessed whether myosin II contractility was involved. To do so, we examined the effect of blebbistatin, a small molecular inhibitor of myosin II ATPase activity [30] , on FA structure at a variety of concentrations (see STAR Methods). Due to blebbistatin's photo-inactivation and photo-toxicity properties when exposed to blue light [31] [32] [33] , we conducted these experiments on fixed cells at 2 and 18 hr post-seeding. Treatment of cells with 5 or 10 mM blebbistatin at both time points causes a reduction in FAP number per cell ( Figures S5E and S5F ) and FAU length ( Figure S5G) , as well as an increase in FAU width ( Figure S5H ). In addition, 10 mM blebbistatin causes a decrease in the number of VSF split configurations ( Figure S5I ). These results suggest that myosin II contractility is required both for FA elongation and for FAP splitting.
TA and DSF Assembly during Spreading
Having identified clear VSF assembly during spreading, we examined the timing of TA and DSF appearance. Imaging of multiple Z-slices from U2OS cells spreading on collagen reveals that some actin fibers translocate to more dorsal imaging planes ( Figure S6A ). In addition, these thin actin fibers contain NMIIA ( Figure S6B ). Fixed-cell images in this spreading time period reveal similar structures: thin dorsal actin fibers containing both NMIIA and NMIIB ( Figure S6C ). While displaying most characteristics of TA, these structures are not attached to discernable DSF. At later time points (18 hr), TAs increase in number and are attached to well-defined DSFs ( Figure S6D) . Notably, NMIIA and NMIIB do not show clear segregation at 30 min post-seeding but are more segregated at 18 hr ( Figures  S6C and S6D) , with NMIIA enriching in distal TAs and NMIIB enriching in proximal TAs, as previously described for spread FN-plated cells [34] .
Surprisingly, we find no clear examples of DSF assembly in our live-cell examination of the first hour of spreading on collagen (Figures S6A and S6B ; Video S1). This is in contrast to DSF assembly in spread cells where we observe evidence of their de novo assembly (as described previously [6] ), as well as possible assembly through VSF splitting events ( Figures S6E and S6F) . By fixed-cell analysis, well-defined DSFs are not present until 1 hr post-seeding on collagen (note their absence in Figure S6C at 30 min), after which time the density of DSFs at the leading edge increases steadily ( Figures 7A and 7B) . Additionally, both the length of the DSF actin shaft and the DSF-associated FA increase with time ( Figures 7C and 7D) , whereas the DSF-FA width remains constant in the 0.3-mm range ( Figure 7E ) resembling the width of a single FAU. DSFs contain no detectable NMIIB (Figures 1 and 7A) , and NMIIA is rarely detectable along the DSF actin shaft (2.5% ± 7.1%, Figure 7G ). However, an appreciable amount of NMIIA accumulates in a sub-set of DSF-FAUs (39.7% ± 13.9%, Figures 7A and 7G) . 
DISCUSSION
Our studies provide novel insights into the structure, organization, and dynamics of FAs, which are of fundamental importance for cell adhesion and cell migration. FAs comprise multiple FAUs of uniform 0.3-mm width, that are laterally associated. These lateral associations are dynamic, with FAs undergoing frequent splitting events between FAUs. Splitting is concurrent with FAU elongation. Subsequent to splitting, FAUs can either persist or disassemble. While there is variation in the splitting process, dependent on cell type and ECM, the uniform width FAU is a constant ( Figure 7H ). We identify two proteins (APC and VASP) that play roles in the splitting process, and an increase in FA-associated tension is observed during splitting, which may be provided by myosin II contractility. In addition, we find that VSFs are the first discernable SFs during U2OS cell spreading on collagen, followed by TAs and DSFs. These findings suggest that mechanisms exist to (1) define the strict 0.3-mm FAU width, (2) mediate lateral FAU attachment, and (3) dissociate these lateral FAU attachments. We discuss our findings and make further mechanistic predictions below.
FA Units and Splitting
While FA division has been observed previously [35, 36] , the increased spatial resolution of Airyscan microscopy allows definition of these events as longitudinal separation of parallel FAUs of 0.3 mm-width. Units of similar width were observed previously using structured illumination microscopy in a variety of cell types, including REF52, HeLa, HUVEC, and 3T3 cells [17] . Our study adds the dynamic aspect of these structures. Taken together, FAUs appear to be fundamental building blocks of FAs.
These results raise several exciting questions. First, what is the molecular ''ruler'' that maintains the 0.3-mm FAU width? Interestingly both NMIIA and NMIIB assemble into mini-filaments of 0.3 mm [37] , which could span the FAU width. While these early FAs are not highly enriched in NMIIA or NMIIB, lower concentrations could possibly act as rulers. Other rulers, similar to titin or nebulin in muscle, are possible. Alternately, the number of actin filaments attached to the FA could determine the width. An EM study identified SFs to contain approximately 10-30 actin filaments in the 0.3-mm-wide unit [38] . This raises a question concerning the mechanism controlling actin bundle size. One possibility is a-actinin, which is enriched in the proximal region of the FA [39] .
A second question pertains to the nature of the molecular ''glue'' that secures multiple FAUs within an FAP. This glue is not uniform along the length of the FAU, because some FAUs dissociate from one another at their proximal ends but remain attached at their distal tips. Core FA proteins (e.g., paxillin, vinculin, or talin) themselves could serve this function. Notably, we observe hazy paxillin accumulation between the more welldefined FAU. The fact that the degree of splitting varies between cell types and extracellular matrices suggests that the glue is under regulation.
Mechanism of FAP Splitting
We observe three general stages of FA development during spreading: (1) growth, (2) expansion, and (3) splitting ( Figure 7G ). During growth, the FA elongates along the axis of the attached actin fiber. During expansion, the spacing between FAUs grows, making individual FAUs more recognizable. Splitting is the most variable step. When splitting takes place, it starts at the proximal and proceeds toward the distal end. However, the degree of splitting varies, with some FAPs not splitting at all, some splitting only at their proximal ends, and some undergoing full splitting. Subsequently, the FAU can persist and elongate further or it can disassemble.
We identify two FA-associated proteins with roles in splitting, APC and VASP. APC has recently been shown to be involved in FA turnover through its actin nucleation activity [24] . We note its precise location within the FA is currently unknown. VASP is recruited relatively late in FA assembly [22] , localizes close to the actin fiber attachment area [13] , and is thought to be one of the proteins mediating actin polymerization at the FA [4] , likely through its filament elongation activity [40, 41] . APC and VASP might promote expansion and/or splitting through assembly of non-SF actin filaments at the FA, such as those identified previously [14] . These filaments could themselves provide some of the force for expansion/splitting, or could recruit other factors required for splitting.
Due to their different mechanisms of promoting actin assembly, APC and VASP might work together in filament assembly at the FA. However, from our studies it appears that VASP depletion leads to decreased FAP expansion as well as separation, whereas in APC-depleted cells the FAPs appear to expand but fail to separate ( Figure 6 ). Other VASP family proteins (Mena, EVL) might serve redundant functions in FA splitting, with Mena known to be involved in similar activities to VASP in U2OS cells [42] . Additionally, it is possible that other FA-associated actin assembly factors, such as mDia1 or FHOD1 [6, 43] , might also serve roles in the process.
We also show that FAs are under increasing tension during the splitting process, which suggests that NMII activity in the attached actin fiber plays a role in the process. Two of our observed effects of blebbistatin are in support of this idea: (1) the decrease in split VSFs in spread cells; and (2) the increase in FAU width. However, a more dramatic effect of blebbistatin is the decreased FA length, suggestive of inhibition of FA elongation. It is possible that the splitting and elongation processes are co-occurring consequences of SF contractility. Conversely, we note in FMNL3-depleted cells, a reduction in FA elongation is seen following successful splitting events, suggesting splitting and elongation are distinct processes.
VSF Are Detectable before Other SF Sub-types during Cell Spreading A surprising observation is that VSFs are the first detectable SFs during cell spreading, suggesting that VSFs do not assemble via TA-DSF fusion at these early stages, as previously reported for spread U2OS cells [4] . Other mechanisms for VSF assembly , 8 cells) . In all cases, a two-sample t test was used to estimate p values: ***p < 0.001 and *p < 0.05. Error bars are SD. See also Figure S4 and Table S1. have also been observed, such as assembly of thick peripheral actin bundles through condensation of short actin filaments [2] , or through perinuclear caps after nuclear displacement [44] . Given the multiple functions of SFs and the variable environments encountered by cells, it might not be surprising that multiple assembly mechanisms exist. In our spreading U2OS system, assembly from peri-nuclear caps is unlikely since VSF assembly occurs close to the leading edge. It is possible that some of the split SFs we observe could eventually be incorporated into thick actin bundles, but we did not specifically track these events.
One reason that we detect VSFs first in cell spreading could be that they are more visible than the thinner TA. It is possible that TAs and VSFs assemble simultaneously during spreading, dependent on whether the individual actin fiber is adhered to the apical membrane. The thinness of the cell edge makes it difficult to distinguish VSFs from TA in this region. However, it is clear that the majority of the actin fibers remain ventral even after moving away from the cell edge. A sub-set of fibers is detected apically, which could represent TA.
The absence of clear DSFs within the first hour post-seeding is surprising. One possibility is that DSFs have not yet assumed their thick bundled structure at this early stage, thus eluding detection. It is unclear whether there is a difference in DSF morphology between cells in active spreading and cells that have reached their fully spread surface area. One difficulty with DSF detection is the dearth of clear marker proteins, with low NMII levels being the main defining characteristic [3, 11] . We note that others have observed TA and DSF assembly during cell spreading on FN [45] . It is unclear whether specific differences in the spreading surface or other aspects of the experimental system might influence SF assembly events.
Intriguingly, we find that a sub-set of DSF-associated FAs contains NMIIA at the proximal end when plated on collagen. The origin and the purpose of this NMIIA enrichment is unclear at present. One possibility is that these DSFs may have matured under tension [10] , or these may have been created from VSF splitting. We see evidence for the latter assembly mechanism, and we also observe a clear decrease in DSF number following blebbistatin treatment (at 2 hr, Figure 5E , and 18 hr post-seeding, data not shown), as previously reported [3] . Additional studies in these events are required to uncover the nature of this NMII enrichment. In general, further study is needed on the interrelationships between tension, FA composition, and SF composition in controlling dynamics of the different classes of adhesion-associated cytoskeleton.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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The authors declare no competing interests. Immunofluorescence of spreading cells Approximately 80,000 cells were trypsinized in 0.05% trypsin/EDTA and plated directly onto collagen-coated glass bottom imaging dishes. Cells were incubated at 37 C/5% CO2 for varying times (15 min, 30 min, 1 h, 2 h or 18 h) before fixation. Cells were fixed by removal of medium and addition of 4% formaldehyde (Electron Microscopy Sciences, Hatfield, PA) in PBS for 20 min at room temperature, washed 3x with PBS, permeabilized with 0.25% Triton X-100 in PBS for 15 min, washed 3x with PBS, and incubated in blocking buffer (10% calf serum, 0.02% sodium azide in PBS) for 30 min. Cells were incubated with primary antibody (in PBS plus 10% blocking buffer) for 1.5 h at room temperature, followed by 3 x PBS washes, and incubation in secondary antibody and 2.5 mM TRITC-phalloidin (Sigma-Aldrich) (in PBS plus 10% blocking buffer) for 1.5 h at room temperature. Cells were washed in 3 x PBS, and stored at 4 C in PBS before imaging by Airyscan microscopy. Z section sampling, 0.18 mm slices. Primary antibodies: Mouse monoclonal anti-paxillin (1/50, BD biosciences #610569), Rabbit monoclonal anti-VASP (1/50, Cell Signaling #3132), Rabbit polyclonal anti-NMIIB (1/50, Cell Signaling #3404). Secondary antibodies: Alexa Fluor 405-conjugated anti-mouse IgG (1/500, Invitrogen), Alexa Fluor 647-conjugated anti-rabbit (1/500, Invitrogen).
Blebbistatin treatment
Cells were treated with blebbistatin (Sigma-Aldrich) at 1 mM, 5 mM, 10 mM or 50 mM, or a DMSO (Sigma-Aldrich) control, for 30 min at 37 C/5% CO2, prior to trypsinization and re-plating onto collagen-coated glass bottom imaging dishes. Cells were kept at the same blebbistatin concentration after re-plating, and fixed 1 h or 2 h post-seeding. For examination of blebbistatin effects on fully spread cells, cells were allowed to spread for 17 h, followed by a 1 h blebbistatin treatment before fixation. All inhibitors were diluted from DMSO stocks to result in 1% DMSO in the treatment medium. We show data for 2 h and 18 h, due to the higher number of FAP assembled compared with 1 h post-seeding. We do not show data for cells treated at 1 uM as there was no discernable effect on FA at this concentration, nor cells treated with 50 mM, where FA assembly was prevented. See Figure S5 .
Imaging
Imaging was performed on a Zeiss LSM 880 Airyscan microscope using 100 3 1.4 NA objective (resolution = 140 nm lateral and 400 nm axial at 488 nm) and collecting through a 32-channel GaAsP detector configured as 0.2 Airy Units per channel. Cells were imaged with the 405 nm laser and BP 420-480/BP 495-550 filter for BFP; 488 nm laser and BP 420-480/BP 495-620 filter for GFP; 561 nm laser and BP 495-550/LP 570 filter for RFP, 633 nm laser and BP 570-620/LP 645 filter for far-red. For live-cell microscopy, imaging conducted at 37 C and 5% CO2. Images subsequently processed using Zen2 software. Raw data were processed using Airyscan processing in 'auto strength' mode (mean strength ± s.d. = 5.5 ± 1.3) with Zen Black software version 2.3.
FRET imaging: U2OS cells transfected with vinculin-TS were plated onto collagen coated glass bottom dishes for 6 -10 h prior to imaging. Cells were imaged live on a Zeiss LSM 880 Airyscan microscope using 100 3 1.4 NA objective. Single ventral sections were acquired every 3 min. FRET (CFP excitation [EX] and YFP emission [EM] ) and acceptor (YFP EX/EM) channels were recorded by sequential line acquisition using a 458 nm laser line and by collection of the emission using BP 495-620 nm and a 514 nm laser line and collection of the emission using BP 495-620 nm, respectively. Images were Airyscan processed as described in Imaging section. See Figure S5 .
Western blot analysis
For detection of siRNA depletion: U2OS cells were extracted 72 h post-transfection. U2OS cells were scraped with 150 mL of 2 3 DB (50 mM Tris-HCl, pH 6.8, 2 mM EDTA, 20% glycerol, 0.8% SDS, 0.02% bromophenol blue, 1000 mM NaCl, 4 M urea). For detection of NMIIA expression: GFP-NMIIA KI U2OS cells were grown on 6 well plate, trypsinized, washed with PBS and resuspended 200 mL PBS. Cell solution extracted with 136 mL of 10% SDS and 4 mL of 1 M DTT, boiled 5 min, cooled to 23 C, then 68 mL of 300 mM of freshly made NEM in water was added. Just before SDS-PAGE, the protein sample was mixed 1:1 with 2xDB (250 mM Tris-HCl pH 6.8, 2 mM EDTA, 20% glycerol, 0.8% SDS, 0.02% bromophenol blue, 1000 mM NaCl, 4 M urea). Proteins were separated by 7.5% SDS-PAGE and transferred to a polyvinylidene fluoride membrane (Millipore, Billerica, MA). The membrane was blocked with TBS-T (20 mM Tris-HCl, pH 7.6, 136 mM NaCl, and 0.1% Tween-20) containing 3% bovine serum albumin (Research Organics) for 1 h, then incubated with primary antibody at 4 C overnight. After washing with TBS-T, the membrane was incubated with HRP-conjugated secondary antibody (Bio-Rad, Hercules, CA) for 2 h at room temperature. Protein signal was detected by chemiluminescence.
Primary antibodies used: anti-FMNL3 produced in house; raised in guinea pig, as described in previously [46] , was used at 0.25 mg/mL; anti-APC rabbit polyclonal (Abcam, ab15270, 1/500), anti-VASP rabbit monoclonal (Cell Signaling #3132, 1/1000), and anti-NMIIA rabbit polyclonal (Cell Signaling #3403, 1:1000).
QUANTIFICATION AND STATISTICAL ANALYSIS
Unless otherwise stated all image analysis was performed on Imaris Software (8.1.4, Bitplane). 
Cell spreading rate
FAU width
From live-cell analysis, FAU width of discernable FAUs within FAP was measured from GFP-paxillin images (such as Figure 2A , magenta asterisk). N = 54-354 FAUs for spreading cells. Specific numbers for each condition are given in relevant figure legends and on Table S1 . N = 24 FAUs for spread cells (corresponding to Figure 4B ). For fixed-cell analysis, the width of DSF-and VSF-associated FAUs were measured from anti-paxillin images, at various time-points post-seeding. FA width measured manually, using the Line function. For VSF-associated (corresponding to Figure 4C FAP initial assembly and splitting time From live-cell analysis using GFP-paxillin images, initial FAP assembly time was determined, at the time when the first FAP cluster is observed. We define FAPs as large paxillin clusters that obtain a number of discernable FAUs. From live-cell analysis using GFP-paxillin images, we monitor FAP splitting time from their initial appearance to the time when splitting has occurred (wherever complete disassembly, or leaving stable adhesions) during the imaging period (8 -67.5 min). N = 6-11 and 12-40 FAPs for initial assembly and splitting time, respectively. Specific numbers for each condition are given in relevant figure legends and on Table S1 . 3 -10 independent experiments.
Fate of FAP
From live-cell analysis using GFP-paxillin images we monitor the fate of discernable FAPs. For wild-type and knockdown U2OS cells spreading on collagen we monitor FAP fate from 30 -67.5 min; for U2OS cells spreading on FN we monitor 37 -74.5 min; for MEF cells spreading on FN we monitor 52 -89.5 min. Categories include no splitting observed, splitting and complete disassembly of all FAUs within 1 min (split/disassemble), and splitting with remaining FAUs (split/remain). N = 27-229 FAPs. Specific numbers for each condition are given in relevant figure legends and on Table S1 . 3 -10 independent experiments.
FAU number within FAP
From live-cell analysis using GFP-paxillin images we monitor the number of FAUs within discernable FAP prior to splitting and after splitting (in split/remain cases only). N = 27-229 FAPs. Specific numbers are found in Table S1 . 3 -10 independent experiments.
FA elongation and displacement rates Calculated through analysis of live-cell videos for control and FMNL3-depleted cells. FA chosen were discernable FAUs, of approximately 0.3-mm width. For elongation rates: The length of the FAU at the earliest time-point to the final maximum length was measured manually using the Line function (Imaris). The total time between these two measurements was used to calculate the elongation rate. Displacement rate was measured in the same time-period using the Polygon Line function (Imaris), based on the movement observed of the most posterior part of the FA. Control corresponding to Figure 2E DSF density, length, and FA length From fixed-cell images at various time-points post-seeding, DSF density was calculated by manually counting the number of DSF at the leading edge, divided by total leading edge distance (using the Line function). DSF length was measured following TRITC-phalloidin staining, tracing the signal from the attached FA, to the end of the discernable phalloidin signal (Line function). 
